Introduction
Nature controls the transport and assembly of structures on all length scales with relative ease; in cells, this task is performed by microtubules and kinesin motor proteins. Kinesin motors travel unidirectionally on the 25 nm diameter cylindrical microtubules, transporting cargo up to a meter in biological systems. 1 Conventional kinesin contains two protein subdomains that bind to the microtubule, hydrolyze ATP, and undergo a conformation change that functions as a processive, double-headed motor. Harnessing the unique properties of this motor/track pair has recently become of interest for moving microtubules with attached cargo across motor-modified surfaces 2 or conversely by adhering microtubules to a surface while motors with bound cargo 'walk' along the filaments, Figure 1 . 3 Substantial challenges for their use in hybrid biological devices are to develop the ability to produce microtubule tracks with long-range order and to control transport direction, which could enable the assembly of complex nanostructures. A degree of microtubule alignment and orientation has been achieved by the use of complex lithographic techniques, 4 by viscous forces, 5 or by strong magnetic or electric fields applied during tubule polymerization. 6 In this paper, we describe the functionalization of biotinylated microtubules with biotinylated cobalt ferrite (CoFe 2 O 4 ) nanoparticles using a streptavidin linkage. Magnetic fields are used to deposit these magnetically labeled microtubules on kinesin-covered surfaces, and to control their transport direction.
Experimental.
Instrumentation. Fluorescence microscopy was performed on an upright Nikon E600 microscope (1.2 NA, 60x water immersion objective) coupled to a Genwac GW-902H CCD camera. Video was recorded with a Panasonic AG-MD835 video cassette recorder onto VHS videotapes. Two shapes of NdFeB permanent magnets (Engineered Concepts, Inc., Birmingham, AL) were employed: a 5 mm cube with a field strength of 0.45 T and a 1 mm diameter, 2 mm tall cylinder with field strength of 0.4 T. Field gradients were measured with a hand-held gaussmeter (Magnetic Instrumentation, Inc.; Model 907).
Chemicals and Reagents. All chemicals were purchased from standard commercial sources and used without further purification.
Synthesis of CoFe 2 O 4 Nanoparticles. Biotin functionalized CoFe 2 O 4 nanoparticles were prepared and encapsulated in a 5% biotin tagged micelle as previously described, 7, 8 and used at a concentration of 3 mg/mL in freshly prepared BRB12 (12 mM 1,4-piperazinediethanesulfonic acid (PIPES), 1 mM MgCl 2 , 1 mM ethylene glycol-bis (2-aminoethyl-ether) -N, N, N', N'-tetraacetic acid (EGTA), pH 6.8).
Kinesin and microtubule preparation. HexaHis-tagged Drosophila melanogaster conventional full length kinesin was expressed in E. Coli and purified according to published methods 9 and used at a concentration of 5 µg/mL. Tubulin was purified from freshly harvested bovine brain tissue and labeled with rhodamine or biotin using standard techniques.
10 Preparation of biotin-functionalized microtubules was performed by copolymerization of biotinylated tubulin and rhodamine containing tubulin (25% rhodamine labeled/unlabeled tubulin) at 37 ºC in BRB80 buffer (80 mM PIPES, 1 mM MgCl2, 1 mM EGTA, pH 6.8) with 1 mM guanosine triphosphate (GTP), 4 mM MgCl 2 and 5% v/v dimethylsulfoxide (DMSO) for 20 min. The microtubules were diluted 100-fold (320 nM tubulin dimer) with BRB80 buffer containing 10 µM paclitaxel. Segmented microtubules were prepared similar to previously reported methods 5a, 11 by shearing biotinylated microtubules 7 through a 30 gauge needle in paclitaxel-free BRB80 buffer, and adding them to a solution of 3.2 µM rhodamine-labeled tubulin (1:3 rhodamine/unlabeled tubulin) and 6 µM N-ethylmaleimide labeled tubulin (NEMtubulin) 10a,12 in BRB80 with 4 mM MgCl 2 , 1 mM GTP, and 5% DMSO. This solution was incubated for 20 min at 37 °C, such that polymerization occurred from the microtubule plus end but was blocked by NEM-tubulin at the minus end. 10a, 13 The resulting segmented microtubules were stabilized by diluting them 100-fold into a solution of BRB80 containing 10 µM paclitaxel.
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Magnetic Labeling. Segmented microtubules were labeled with CoFe 2 O 4 nanoparticles by incubating 10 µL of microtubules (320 nM tubulin dimer) with 10 µL neutravidin (8.3 µM) for 5 minutes, followed by addition of 5 µL of stock nanoparticle solution (3 mg/mL). For kinesin motility experiments, 10 µL of this solution was added to freshly prepared motility solution (90 µL BRB80 containing 0.2 mg/mL casein, 10 µM paclitaxel, 20 mM glucose, 20 µg/mL glucose oxidase, 8 µg/mL catalase, and 0.5% BME) with 1 µM or 1 mM ATP, as noted in the text.
Microtubule Gliding Assays. Standard microtubule gliding assays were performed using fluorescence microscopy to visualize the kinesin-driven transport of rhodamine-labeled microtubules in the presence of 1 mM ATP. All motility experiments were performed in flow cells constructed from two pieces of double-sided tape sandwiched between two coverslips, as shown in Figure 2 . Prior to each experiment, a new flow cell was constructed and the interior surfaces were perfused with 0.5 mg/mL casein for 5 min, followed by a 5 min exposure to 5 µg/mL kinesin 3 in buffer (BRB80, 0.2 mg/mL casein, 1 mM ATP).
Magnetically Directed Motility Studies. Directed motility studies were performed using a modified flow cell holder with a glass insert, shown in Figure 2 . A 1 mm diameter cylinder magnet mounted on the tip of the glass insert provided a movable magnetic field by sliding the insert along the underside of the flow cell. Magnetic preconcentration was performed in this same cell (though not under the microscope), by placing a 5 mm (edgelength) cube magnet under the flow cell, adding magnetic microtubules, and waiting 5 minutes before removing the magnet. The flow cell was then flushed with 5 volumes (100 µL) of buffer (BRB80, 0.2 mg/mL casein, 10 µM paclitaxel, 1 µM ATP), followed by 20 µL of buffer (99.5 µL BRB80 containing 0.2 mg/mL casein, 10 µM paclitaxel, 20 mM glucose, 20 µg/mL glucose oxidase, 8 µg/mL catalase, 0.5% BME, with 0.5 µL short/sheared microtubules added as flow tracers).
Results and Discussion
Patterning of Magnetically Labeled Microtubules.
The functionalization of biotinylated microtubules with biotinylated cobalt ferrite (CoFe 2 O 4 ) nanoparticles was accomplished using a streptavidin linkage, Figure 1 . Rhodamine labeled tubulin allows visualization of the microtubules as they bind and are transported by the surface-immobilized kinesin motors. Placement of a magnet below the cell, as ECS Transactions, 3 (19) 1-7 (2007) ) unless CC License in place (see abstract). shown in Figure 2 , introduces an externally controlled magnetic field that is used to manipulate microtubule placement and orientation on surfaces.
We recently demonstrated that microtubules labeled with CoFe 2 O 4 nanoparticles will reorient in solution along the field lines of an external magnet, and that this uniform alignment is preserved when they land onto a kinesin covered surface. 7 In the fluorescence microscopy images shown in Figure 3 , a rectangular magnet placed under the flow cell attracts the CoFe 2 O 4 labeled microtubules to the surface. We observed that the density of microtubules was increased by up to two orders of magnitude (depending on the amount of attached magnetic material) due to this attraction. This technique allows the microtubules to be aligned in a coparallel manner over unprecedented millimeter distances in patterns that follow the shape of the magnetic field lines. After introducing ATP to the flow cell to initiate transport, the microtubules move in random directions, and over time this movement erases the alignment pattern. Furthermore, the number of magnetically labeled microtubules that remained motile on the surface was low, so that we next investigated the role of nanoparticle labeling on motor protein function. , 3 (19) 1-7 (2007) ) unless CC License in place (see abstract). ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 54.70.40.11 Downloaded on 2017-10-10 to IP nanoparticles and neutravidin was therefore thought to potentially inhibit the interaction of the kinesin motors with the microtubules. A series of experiments were performed to examine the effect of particle labeling on the motility of this motor protein system. Using Figure 4 . Effect of magnetic labeling on microtubule motility microtubules with varying amounts of biotinylated tubulin, the relative number of motile microtubules and their velocities was measured. These results are plotted in Figure 4 , and show that as the amount of biotin, and therefore attached CoFe 2 O 4 nanoparticle cargo, is increased to only 11%, the number of motile microtubules on the kinesin surface dramatically decreases. In addition, of the moving microtubules, the gliding speeds decrease by 50%.
14 The effect of magnetic nanoparticle labeling on the speed that microtubules glide across kinesin-covered surfaces was also investigated in the presence of applied magnetic fields. In this case, the microtubule speeds were even more dramatically affected. In Table 1 , the most heavily loaded microtubules gliding speeds were further reduced by 68% under the influence of a magnetic field while unlabeled microtubules were unaffected. We understand this reduction in motility as a result of steric hindrance that prevents interaction of the kinesin motors with the magnetic nanoparticle coated microtubule surfaces.
Therefore, while alignment of the microtubules is straightforward, the use of this approach to direct the motion of the microtubules with weak magnetic field strengths that are practical for use on a microscope stage is limited. Manipulation of this motor protein system requires optimization of the degree of labeling required to both direct transport and retain motilities. Velocity ( Examination of the motility rates of these segmented microtubule reveals that their gliding speed is ~0.7 µm/sec, near wild-type rates, and is unaffected by the presence of the magnet (Table 1) . 15 Rapid transport across the kinesin surface is attributed to interaction of the unlabeled microtubule segment.
When magnetic fields are applied, the magnetic nanoparticles attached to the leading segment of microtubules experience attractive forces and move in that direction. Changing the location of the magnet in the microscope stage allowed the control over microtubule transport direction with very little effect on the observed gliding speed.
These experiments conclusively demonstrate that weak applied magnetic fields are able to control the direction of magnetically labeled, segmented microtubules driven by kinesin motors in vitro. These hybrid nano-biological systems are capable of rapid transport at near wild-type speeds, and have implications in nanometer-scale manipulations using biologically derived forces and magnetic induced guidance. These results suggest that similarly functionalized biomotors can be used for separation, manipulation, and assembly of nanoscale components, potentially over distances approaching millimeters. This magnet-based approach provides an enticing alternative to serial methods such as optical tweezers. , 3 (19) 1-7 (2007) ) unless CC License in place (see abstract). ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 54.70.40.11 Downloaded on 2017-10-10 to IP
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